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HalogenC2H2 Binding in Ultramicroporous MOFs for Benchmark 
C2H2/CO2 Separation Selectivity 
Soumya Mukherjee,[a] Yonghe He,[b] Douglas Franz,[c] Shi-Qiang Wang,[a] Wan-Ru Xian,[b] Andrey A. 
Bezrukov,[a] Brian Space,[c] Zhengtao Xu,*[d] Jun He*[b] and Michael J. Zaworotko*[a] 
 
Abstract: Acetylene (C2H2) capture is a step in a number of industrial 
processes but comes with a high energy footprint. Whereas 
physisorbents have the potential to reduce this energy footprint, they 
are handicapped by generally poor selectivity vs. other relevant gases 
such as CO2 and C2H4. In the case of CO2, the respective 
physicochemical properties are so similar that traditional 
physisorbents such as zeolites, silica and activated carbons cannot 
differentiate well between CO2 and C2H2. Herein we report that a 
family of three isostructural, ultramicroporous (< 7 Å) diamondoid 
metal-organic frameworks, [Cu(TMBP)X] (TMBP =  3,3',5,5'-
tetramethyl-4,4'-bipyrazole), TCuX (X = Cl, Br, I), offer new 
benchmark C2H2/CO2 separation selectivity at ambient temperature 
and pressure. We attribute this performance to a new type of strong 
binding site for C2H2. Specifically, halogen…HC interactions coupled 
with other noncovalent in a tight binding site is C2H2-specific vs. CO2. 
The binding site is distinct from those found in previous benchmark 
sorbents, which are based upon open metal sites or electrostatic 
interactions enabled by inorganic fluoro or oxo anions. 
That C2H2 poses an immediate fire and explosive hazard at > 
2.5% concentrations and features the widest known flammability 
range,[1] 2.5% – 81%, underscores the need to develop energy-
efficient C2H2-capture sorbent materials.[2] Further, its high 
reactivity can lead to undesirable chemical reactions during 
industrial processes, e.g. traces of C2H2 can poison catalysts by 
forming metal acetylides during ethylene polymerization, leading 
to explosions.[3] Removal of C2H2 as a trace contaminant is also 
important in the production of acrylic/vinyl derivatives and  
acetylenic alcohols.[4]  
With respect to bulk usage, C2H2 is the most common gas used 
to fuel cutting torches. C2H2 recovered in high purity can serve as 
a fuel or building block in polymer synthesis e.g. polyvinyl chloride, 
PVC and polyvinylidene fluoride, PVDF.[4] In C2H2 manufactured 
via partial combustion (oxidative coupling) of methane[5] or 
thermal cracking of hydrocarbons, CO2 is generated as a by-
product.[6] To enable C2H2-capture from C2H2/CO2 mixtures, three 
current methods are employed: a) bulk extraction by organic 
solvents e.g. N,N-dimethylformamide, acetone etc.;[7] b) partial 
hydrogenation of C2H2 to ethylene, C2H4 using expensive 
Ag(0)/other noble metal catalysts;[8] c) cryogenic distillation.[9] All 
three approaches are costly and energy-intensive. Whereas 
physisorbents offer potential for reducing the energy footprint of 
C2H2-capture, zeolites, silica and activated carbons cannot 
effectively separate C2H2 from CO2[10] because of their similar 
physicochemical properties (size: C2H2 = 3.32  3.34  5.7 Å3; 
CO2 = 3.18  3.33  5.36 Å3; kinetic diameter = 3.3 Å for both; 
boiling point: C2H2 = 189.3 K, CO2 = 194.7 K).[11] 
In this context, an emerging class of physisorbents, namely metal-
organic materials (MOMs),[12] also known as metal-organic 
frameworks (MOFs)[13] or porous coordination polymers 
(PCPs),[14] have attracted interest for C2H2 capture. Their 
amenability to crystal engineering[15] enables control over pore 
size and pore chemistry to achieve adsorptive separation of 
gases/vapours.[16] With respect to C2H2/CO2, although there are 
70,000+ MOFs,[17] only 18 C2H2 selective sorbents have been 
reported thus far (Table S1, SI). Kitagawa’s group introduced the 
prototypal C2H2 selective sorbent in 2005[10] and there has been 
a recent upsurge in interest.[18] Whereas there are fourteen 
previous reports of dynamic gas mixture breakthrough tests 
conducted using MOFs (Table S1), separation selectivities 
determined from 1:1 C2H2/CO2 breakthrough experiments are 
limited to four sorbents: FJU-22a,[18f] UTSA-74a,[18b] JCM-1,[18k] 
NKMOF-1-Ni.[18j] 
It has been suggested that two primary criteria are desirable in 
order for a adsorptive separation process to become viable: 1) 
favorable thermodynamics (adsorption enthalpy, Qst ~ 35–50 
kJmol-1); 2) fast kinetics of adsorption-desorption.[19] The 
energetic “sweet spot” for C2H2-capture under ambient conditions 
is controlled by sorbent-C2H2 binding interactions which result 
from pore size and pore chemistry. This is exemplified by the 
current benchmark sorbents for CO2/N2,[20] CO2/CH4,[21] 
C2H2/C2H4,[22] C2H4/C2H6,[23] C2H6/C2H4,[24] 
propadiene/propylene,[25] propyne/propylene,[25] ternary 
propyne/propadiene/propylene,[25a] and C4 olefins.[26] Interestingly, 
the leading sorbents are ultramicroporous with tight binding sites 
in which sorbate binding is driven by pore chemistry: strong 
electrostatics,[20-22, 25b, 26] H-bonding sites[23a, 24] or open metal 
sites.[25a] These results prompted us to consider how the presence 
of halogen atoms in ultramicroporous MOFs might affect C2H2-
capture. An isostructural family of three such MOFs, [Cu(TMBP)X] 
(TMBP = 3,3',5,5'-tetramethyl-4,4'-bipyrazole; X= I, Br, Cl), TCuX 
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was selected to address this matter. TCuX belong to a previously 
reported diamondoid,[27] dia, MOF family (Scheme 1).[28] 
 
Scheme 1. TCuX (X = I, Br, Cl) dia networks afford a family of isostructural 
ultramicroporous sorbents with almost identical pore size. Colour code: C (grey), 
H (white), N (blue), Cu (lilac polyhedra), I (green), Br (magenta), Cl (yellow). 
 
Single crystals of TCuX were synthesized as detailed in SI. 
Among the three TCuX compounds, TCuI (CSD refcode: 
NOFQEG) was earlier reported without any examination of its 
sorption properties.[28] TCuBr·H2O (CSD refcode: XOJWEZ) was 
reported in the context of its nonlinear optical (NLO) and 
ferroelectric properties.[29] The anhydrous form of TCuBr is 
introduced herein and is isostructural with TCuI. Compared to 
TCuI, TCuBr has lower unit cell volume (1,543.6(1) Å3 vs. 
1,613.8(1) Å3) and higher solvent-accessible free volume (19.5% 
vs. 18.8% of unit cell volume). TCuCl exhibits essentially the 
same pore size (3.69 Å  3.69 Å; Scheme 1) and solvent-
accessible free volume (298 Å3 i.e. 19.4 %) as TCuBr (pore size: 
3.59 Å  3.59 Å) and TCuI (pore size: 3.66 Å  3.66 Å). Also, the 
N-Cu(I)-N angles subtended at the metal centres vary only slightly, 
in the range of 127–129 (Scheme 1). The crystallographic data 
and related refinement parameters for TCuBr and TCuCl are 
provided in Table S2 (see SI). The powder samples used for gas 
sorption and breakthrough studies were prepared by 
slurring/refluxing in acetonitrile (see SI). Bulk purity was 
established by matching the experimental powder X-ray 
diffraction (PXRD) patterns with those calculated from single-
crystal X-ray diffraction data (Figures S1-S3). Thermogravimetric 
analysis revealed that thermal stability followed the trend, TCuI 
(ca. 250 C) < TCuBr (ca. 280 C) < TCuCl (ca. 300 C) (Figures 
S4-S5).  
To evaluate the TCuX family as sorbents, we first recorded their 
volumetric pure gas isotherms, which provide information on the 
uptake of a given sorbent at saturation pressures and relevant 
partial pressures. Surface areas were experimentally determined 
by the Brunauer-Emmett-Teller (BET) method from the 195 K CO2 
adsorption isotherms (Figures S6, S9 and S12): TCuCl (167 m2g-
1) < TCuBr (173 m2g-1) < TCuI (250 m2g-1). CO2 and C2H2 single-
component gas sorption data were collected at 273, 283 and 298 
K (Figures 1, S8, S11 and S14). The TCuX sorbents each exhibit 
C2H2 selectivity over CO2 across the full pressure range (0-1 bar) 
(Figure 1). Isosteric heats of adsorption, Qst, were determined 
from the sorption isotherms. Qst values at low loading for CO2, 
Qst(CO2), are 26.8 kJmol-1 (TCuI) < 30.7 kJmol-1 (TCuBr) ~ 30.1 
kJmol-1 (TCuCl). Qst(C2H2) follows a different trend: 36.8 kJmol-1 
(TCuBr) < 38.4 kJmol-1 (TCuI) < 41 kJmol-1 (TCuCl) (Figures 1d-
1f; all virial fitting parameters detailed in SI, Figures S24-S35 and 
Tables S5-S16). The differences between the Qst(C2H2) and 
Qst(CO2), (Qst)AC = [Qst(C2H2) – Qst(CO2)], for these sorbents 
follow the order TCuBr (6.4 kJmol-1) < TCuCl (10.9 kJmol-1) < 
TCuI (11.8 kJmol-1). These values reveal the relative 
thermodynamic preferences, but they are at best only indicative 
of gas mixture separation performances under dynamic 
conditions.[30] Kinetics is also a critical factor in the efficacy of gas 
separations. C2H2 adsorption kinetic studies were conducted 
whereby activated sorbents were exposed to a constant flow of 
1.0 bar C2H2 at 303 K (Figure 1). The order of C2H2 uptake at 
equilibrium was as follows: TCuI (3.1 wt%) < TCuBr (4.9 wt%) < 
TCuCl (5.7 wt%). Each sorbent reached ca. 95% of its saturation 
uptake in 30 mins: TCuCl (7 mins) < TCuBr (10 mins) < TCuI (28 
mins). Full regeneration was achieved over 10 adsorption-
desorption cycles at 333 K under N2 flow in 30 mins (flow rate: 20 
cm3min-1) (Figures 1g-1i). The gravimetric sorption kinetics of 
TCuX for C2H2 vs. CO2 are presented in Figures S36-S38. 
The binding sites for CO2 and C2H2 were determined from 
simulated annealing calculations. The binding energies obtained 
from these simulations were consistent with the experimentally 
derived low coverage Qst obtained from single component 
isotherms (Figure S48). The trend observed for simulated C2H2 
binding energies was TCuBr < TCuI < TCuCl. That the Cl analog 
exhibits the strongest gas binding matches our experimental 
findings. Similarly, distances between the sorbate molecule and 
the halide moiety increased as follows: Cl < Br < I (C–halide for 
CO2 and H–halide for C2H2). For C2H2, all three of the binding sites 
were found to be isomorphic with the electropositive H atom of 
C2H2 interacting with the electronegative halide atom. For CO2, 
the binding site has the CO2 bond axis perpendicular to the Cu—
halide axis except in the case of TCuI, where the CO2 molecule 
reorients almost 45 degrees and is further from the halide (Figure 
2). The key interactions for CO2 binding are concurrent CCO2 – 
halide (3.66, 3.37 and 3.27 Å for TCuI, TCuBr and TCuCl 
respectively) and OCO2 – methyl H interactions. In contrast, the 
acetylene CH···X interactions (2.80, 2.57 and 2.49 Å for TCuI, 
TCuBr and TCuCl respectively) dictate C2H2 selective 
interactions with moderately strong Qst(C2H2) of ~ 40 kJmol-1, fast 
C2H2 sorption kinetics (full loading < 10 mins; unloading i.e. 
regeneration: 333 K, 30 mins) and (Qst)AC > 10 kJmol-1 for TCuI 
and TCuCl.  
Adsorption selectivity, determined from Ideal Adsorbed Solution 
Theory, IAST,[31] is often employed to assess the separation 
performance of a sorbent. C2H2/CO2 selectivities, SAC, for 1:1 and 
2:1 (v/v) gas mixtures at 1 bar and 298 K were estimated by IAST 
once the pure gas isotherms were fitted to the dual-site Langmuir-
Freundlich equation (Figure S47, Table S17). SAC(1:1) values at 
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Figure 1. Single component C2H2 and CO2 gas sorption isotherms for TCuI (a), TCuBr (b) and TCuCl (c); C2H2 and CO2 isosteric heat of adsorption profiles for 
TCuI (d), TCuBr (e), TCuCl (f); C2H2 sorption recycling test at 303 K for TCuI (g), TCuBr (h), TCuCl (i); sorbent regeneration occurs at 333 K under N2 flow of 20 
cm3/min (for clarity, points recorded during activation are omitted and the first points of C2H2 dosing are considered as the first data-points). 
 
 
Figure 2. C2H2 and CO2 binding sites in TCuX sorbents determined by 
simulated annealing calculations: TCuI (a, d); TCuBr (b, e); TCuCl (c, f). 
Dashed lines indicate sorbate--HUM internuclear distances in Å. Colour code: 
C (grey), H (white), O (red), N (blue), Cu (brown), I (green), Br (magenta), Cl 
(yellow). 
 
and SAC(2:1) values at 1 bar were found to be 5.2 (TCuI), 9.6 
(TCuBr) and 17.2 (TCuCl) (Figure S46), an order that correlates 
with increasing C2H2 sorption kinetics and decreasing BET 
surface area. As presented in Table S1, under relevant partial 
pressure, SAC for TCuCl(16) is higher than most of the leading 
C2H2-capture sorbents including Zn-MOF-74(4),[18a, 18b] ZJU-
60a(6.7),[18c] MIL-100(Fe)(12.5),[18d] PCP-33(5.6),[18e] FJU-
22a(7.1),[18f] UTSA-74a(14.3),[18b] TIFSIX-2-Cu-i(10),[18g] UTSA-
300a(10),[18h] JCM-1(13),[18k] FJU-90a(4.3),[18n] JNU-1(3),[18o] 
MUF-17(6)[18p] and ZJUT-2a(10).[18q] 
Whereas there are sorbents with higher reported IAST 
selectivities (Table S1),[18i, 18j, 18l, 18m] IAST calculated sorption 
selectivities can differ from experimental mixed-gas separations 
because under kinetic flow conditions isotherms are not 
necessarily indicative of the sorbent‘s separation performance. 
Computational approaches based on IAST[31] and fixed adsorber 
beds[32] tend to overestimate sorbent separation performance. 
This is because simulations do not account for kinetics, structural 
flexibility, co-adsorption and particle size/surface morphology. 













Chemistry - A European Journal
This article is protected by copyright. All rights reserved.





adsorption capacities continue to serve as early performance 
indicators. However, because of one or more of the aforesaid 
factors, experimental gas mixture separations tend to 
underperform vs. the isotherm derived modelled selectivities.[18k] 
Dynamic breakthrough experiments using simulated gas mixtures 
are in general a much better indicator of separation/purification 
performance. Accordingly, dynamic breakthrough gas 
experiments were conducted upon TCuX sorbent beds with three 
inlet gas mixture compositions (v/v): 1:1, 2:1 and 1:99 for 
C2H2/CO2, each of which mimics a typical process condition.[2, 4] 
These gas mixtures were passed through a fixed-bed quartz 
reactor (8 mm diameter) filled with ca. 0.5 g of sorbent at a flow 
rate of 1 cm3min-1 (Figure S49). The sorbent was first activated at 
333 K in a 20 cm3min-1 flow of pure He, cooled to room 
temperature, and then subjected to breakthrough measurements. 
Eluted gas components were monitored by gas chromatography 
(GC; see SI for details). Figure 3 reveals the relative C2H2 and 
CO2 concentration profiles on exiting the TCuX adsorber beds as 
a function of time. 
 
Figure 3. Experimental column breakthrough curves at 298 K and 1 bar for 
C2H2/CO2 binary mixtures on TCuX sorbents: a,b,c: 1:1, solid line; 2:1, dashed 
line and d,e,f: 1:99; for TCuI (a,d); TCuBr (b,e); TCuCl (c,f) (details in SI). 
 
For each test, CO2 breakthrough occurred before that of C2H2. 
The best-performing sorbent was found to be TCuCl. For the 1:1 
gas mixture, C2H2 breakthrough occurred at ~300 min/g, whereas 
the corresponding CO2 breakthrough occurred at ~220 min/g. The 
extended time lag before C2H2 breakthrough implies a high 
productivity. As would be anticipated, time differences between 
the C2H2 and CO2 breakthrough intervals are most pronounced 
for the 1:99 trace C2H2 capture experiments (Figures 3d-f). To the 
best of our knowledge, TCuX physisorbents are only the second 
examples after MUF-17[18p] to separate a C2H2/CO2 (1:99) mixture. 
For the 1:1 separation experiments, C2H2 levels in the effluent 
CO2 gas stream were measured to be 1850, 1370, 1540 ppm for 
X = I, Br, Cl, respectively. High purity CO2 of commercial standard 
(N2.0, 99%) was afforded in each experiment.  
Adsorbed amounts i.e. uptakes calculated from the breakthrough 
curves, for TCuI, TCuBr and TCuCl are 2.18, 2.69 and 3.02 
mmolg-1 respectively (details in SI), only slightly lower than their 
corresponding pure gas isotherm derived saturation uptakes, 2.21, 
2.76 and 3.05 mmol/g, recorded under ambient conditions. From 
these uptakes (qi), separation selectivity () for each of the 
breakthrough experiments under partial pressure of the gases (yi) 





The separation selectivities (AC) under 1:1/2:1 conditions are: 
TCuI (33.4/7.8) < TCuBr (104.5/10.5) < TCuCl(143.1/25.4). 
These values compare favourably with the separation selectivities 
reported for UTSA-74 (20.1), JCM-1 (4.4), NKMOF-1-Ni (2.6), 
and FJU-22a (1.9) (values in parentheses denote the selectivities 
under 1:1 C2H2: CO2 mix composition). C2H2/CO2 separation 
selectivity for TCuCl is one order of magnitude higher than any of 
the current leading sorbents (Figure 4b, Table S1). In the absence 
of existing data, it is also the benchmark for trace C2H2 separation 
from a 1:99 mixture saturated with CO2. 
On comparing the Qst(C2H2) of TCuX (Figures 4a, S45) with the 
top-ranking C2H2/CO2 separating sorbents, TCuCl (41 kJmol-1) 
lies in the top tier of this class of adsorbents, making it one of the 
top eight physisorbents with Qst(C2H2) > 40 kJmol-1. The highest 
values are exhibited by NKMOF-1-Ni (60.3 kJmol-1) and UTSA-
300a (57.6 kJmol-1). However, as Figure S45 reveals, their Qst 
values drastically decline to ~20-25 kJmol-1 across C2H2 loading 
(>2 mmolg-1 for NKMOF-1-Ni and >0.5 mmolg-1 for UTSA-300a). 
This is indicative of multiple binding sites, both strong and weak. 
Conversely, the single C2H2 binding site of TCuCl with 1 molecule 
per unit cell enables Qst(C2H2) to be consistent across the full 
range of gas loading. Single binding sites exist in other 
ultramicroporous sorbents and means that they can outperform 
sorbents with higher surface areas and multiple binding sites. 
Other notable examples include SIFSIX-2-Cu-i,[22a] TIFSIX-2-Cu-
i,[18g] MAF-49,[24] UTSA-280.[23b] 
A comparison of separation selectivity (AC) vs. equilibrium C2H2 
uptake at saturation (Figure 4c) reveals that TCuX outperforms 
other sorbents for C2H2/CO2 separation. This can be attributed to 
the weaker CO2 binding in TCuX vs. C2H2 i.e. (Qst)AC. (Qst)AC > 
6 corresponds to significant thermodynamic preference for C2H2 
over CO2. The trend TCuI < TCuBr < TCuCl, is consistent with 
the increasing orders of C2H2 saturation uptakes (at 0.5 and 1 bar) 
and that of C2H2 gravimetric sorption kinetics (Figure 4b). This 
trend is also in agreement with the separation performance 
indicators SAC and AC. Despite similar pore sizes of ca. 3.6 Å, 
BET surface areas were determined to be TCuI > TCuBr > TCuCl. 
This constrained nature of TCuCl could explain its stronger C2H2 
binding. That the binding sites are optimal for C2H2 is supported 
by a Cambridge Structural Database (CSD)[33] survey which 
revealed only eight structures with structural data on H–CC–
H···X interactions (Figure S50; Table S4). Seven of these 
structures reveal H–CC–H···Cl contacts averaging 2.587 Å and 
a H–CC–H···I contact of 3.265 Å. These values are consistent 
with the C2H2 binding distances in TCuX, C–H···Cl (2.49 Å) < C–
H···Br (2.57 Å) < C–H···I (2.80 Å) (Figure 2), and the decreasing 
trend in separation selectivities, TCuCl > TCuBr > TCuI. 
Accelerated stability tests[34] confirmed that TCuX exhibit 
excellent humidity stability and shelf-life of >2 months 
(regenerable/stable to 313 K and 75% RH for 14 d). Retention of 
structure and porosity despite continued exposure to humidity 
make the TCuX family a candidate for study under real-world 
environments where humidity is likely to be present. The C2 pure 
gas isotherms and the corresponding Qst profiles (Figures S15-
S23) indicate unsuitability of the TCuX family for C2H2/C2Hn (n = 
4 and/or 6) separations, however it could be utilised as a C2H2 
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Figure 4. Comparison of benchmark C2H2/CO2 MOF physisorbents: isosteric heat of adsorption profiles for C2H2 (a); C2H2 adsorption capacity and separation factors 
AC  (c); gravimetric C2H2 sorption kinetics for TCuX (b) (X-axis plotted in logarithmic scale of time in minutes). 
 
In conclusion, fine-tuning of the acetylene binding sites in a series 
of diamondoid ultramicroprous MOFs has provided insight into 
how halogens other than F can be used to control C2H2/CO2 
separation performance. The outcome is a new benchmark for 
acetylene separation from carbon dioxide in bulk (equimolar) and 
trace (< 1%) concentrations. That this report marks only the 
second observation of trace C2H2 capture from CO2 in metal-
organic sorbents emphasises how crystal engineering can 
significantly address unmet targets in separation science. We 
also note that TCuX teaches how diffusion kinetics can impact 
sorption performance[36] as well as thermodynamics and that 
dynamic breakthrough measurements are therefore the most 
appropriate way to assess separation performance of 
physisorbents. Whereas this is well-addressed in zeolites,[37] the 
MOF literature has tended to underreport sorption kinetics and 
dynamic experiments. 
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